Dynamical symmetry of isobaric analog + states in medium mass nuclei 



K. D. Sviratchcva, 1 A. I. Gcorgieva, 1,2 and J. P. Draayer 1 

department of Physics and Astronomy, Louisiana State University, Baton Rouge, Louisiana 70803, USA 

^Institute of Nuclear Research and Nuclear Energy, 
Bulgarian Academy of Sciences, Sofia 1784, Bulgaria 
(Dated: February 9, 2008) 

An algebraic Sp(4) shell model is introduced to achieve a deeper understanding and interpretation 
of the properties of pairing-governed + states in medium mass atomic nuclei. The theory, which 
embodies the simplicity of a dynamical symmetry approach to nuclear structure, is shown to re- 
produce the excitation spectra and fine structure effects driven by proton-neutron interactions and 
isovector pairing correlations across a broad range of nuclei. 
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I. INTRODUCTION 

A recent renaissance of interest in pairing correlations 
in atomic nuclei is linked to the search for a reliable mi- 
croscopic theory for describing the structure of medium 
mass nuclei around the N = Z line where protons and 
neutrons occupy the same major shell and their mutual 
interactions are expected to strongly influence the struc- 
ture and decay modes of such nuclei. The revival of inter- 
est in pairing correlations is also prompted by radioactive 
beam experiments, which are advancing the exploration 
of 'exotic' nuclei, such as neutron-deficient or N m Z 
nuclei far off the valley of stability. Likewise, such a mi- 
croscopic framework is important for astrophysical ap- 
plications, for example a description of the rp-process in 
nucleosynthesis, which runs close to the proton-rich side 
of the valley of stability through reaction sequences of 
proton captures and competing f3 decays P, • 

In this paper we show that a simple but powerful group 
theoretical approach, with Sp(4) the underpinning sym- 
metry, can provide a microscopic description and inter- 
pretation of the properties of pairing-governed + states 
in the energy spectra of the even- A nuclei with mass num- 
bers 32 < A < 100 where protons and neutrons arc filling 
the same major shell. In this regard, it is important to 
recall that SO (5) (with a Lie algebra that is isomor- 
phic to sp(4)) has been shown to play a significant role 
in the structure of fp-sheW N = Z nuclei @- Indeed, a 
model based on this symmetry group can be used to track 
the results of an isospin-invariant pairing plus quadrupole 
shell- model theory [g]. 

A theory that invokes group symmetries is driven by an 
expectation that the wave functions of the quantum me- 
chanical system under consideration can be characterized 
by their invariance properties under the corresponding 
symmetry transformations. But even if the symmetries 
are not exact, if one can find near invariant operators, the 
associated symmetries can be used to help reduce the di- 
mensionality of a model space to a tractable size. Within 
the framework of the Sp(4) symplectic group, an ap- 
proximate symmetry drastically reduces the model space, 
which allows the model to be applied in a broad region of 
the chart of the nuclides Q ■ This symmetry is adequate 
only for a certain class of phenomena, which in our inves- 



tigation is related to significant isovector (isospin T = 1) 
pairing correlations in even- A nuclei. While the model 
is not valid for all the states in the energy spectra of 
the 319 nuclei we consider (nor can any model achieve 
this), it does yield a realistic reproduction (with only 6 
parameters) of the pairing-governed isobaric analog + 
state spectra in medium mass nuclei where the valence 
protons and neutrons occupy the same major shell. The 
validity and reliability of the model with respect to the 
interactions it includes are confirmed additionally via a fi- 
nite energy difference method that we employed to repro- 
duce detailed nuclear structure, including N = Z anoma- 
lies, isovector pairing gaps and staggering effects Q. 

The present investigation shows the advantage of the 
algebraic Sp(4) approach over other theoretical studies. 
Namely, the Sp(4) model, which is based on Helmer's 
quasi-spin scheme is both simpler and provides a 
better understanding of the fundamental nature of the 
nuclear interaction compared, for example, to the more 
general but also more elaborate U (417) model [l(| based 
on the conventional seniority scheme of Racah and Flow- 
ers [ll|, [l2j]. It also yields a better and more detailed 
microscopic description of isovector pairing correlations 
and proton-neutron interactions than mean-field theories 
and results extracted from semi-empirical mass formulae. 
In addition, it can be used in higher-lying shells where 
other approaches cannot be applied. 



II. PAIRING MODELS: FROM SU(2) TO Sp(4) 

It has been recognized for a long time that ground 
states of even-even nuclei reflect strongly on the nature of 
the nuclear interaction, especially its propensity to form 

correlated, angular momentum J — pairs EEm. it 

is also well known that the low-lying energy spectrum of 
isotopes of a doubly magic core (such as 40 Ca or 56 Ni) can 
be well reproduced in terms of neutron pair [nn] addition 
to the spectrum of states of the core [49|]. In complete 
analogy with this, if one adds to the ground state of the 
core J = 0, T = 1 pairs of nucleons (two protons pp, two 
neutrons nn, or a proton and a neutron pn), one would 
construct fully paired states that in general reflect the 
close interplay of like-particle and pn pairs. Provided 
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that the isospin is (almost) a good quantum number, 
which is typically the case for low-lying states in light 
and medium mass even-^4 nuclei with valence protons 
and neutrons simultaneously filling the same major shell, 
fully paired + states built in this way describe isobaric 
analog + states (IAS) in nuclei across the entire shell. 
In the mass range 32 < A < 100 where the influence of 
shape deformation on these + IAS states is relatively 
weak, this notion of fully paired (seniority zero) states 
is a valid, albeit approximate picture. While in even- 
even nuclei within this region the ground states are such 
fully paired + states, this it is not always the case for 
odd-odd nuclei. The strong proton-neutron interaction 
usually drives the state with the least symmetry energy 
(~ T 2 , where T is nuclear isospin) lowest. However, it is 
not the purpose of this article to investigate such states. 
Rather, we consider the isobaric analog + state, which 
is typically higher in energy and is strongly influenced by 
isovector pairing correlations. Even though the states arc 
represented as J = pairs, the interaction that governs 
them is not exclusively pairing in the J = channel, but 
must also include the important pn J dd > 1 isoscalar 
(T = 0) interaction. The significant interplay between 
these isovector and isoscalar interactions is evident in 
the low-lying structure of N = Z odd-odd nuclei and 
has been the focus of a large number of experimental 
^^^|^|_^ n d|| ieoretical studies @, GJ, 0, HD, E3, 

The zero seniority + states can be constructed as (T = 
l)-paircd fcrmions 



|n + i,no,n_i) = (4)"° (^-i)"" |0> , (1) 



where 71+1,0,-1 are the numbers of J = pairs of each 
kind, pp, pn, nn, respectively, and |0) denotes the vac- 
uum state. The transition operator, which changes the 
number of particles in a pairwise fashion, Aq +1 _ x , cre- 
ates a proton-neutron (pn) pair, a proton-proton (pp) 
pair or a neutron-neutron (nn) pair of total angular mo- 
mentum J 7r = + and isospin T = 1. Each operator 



(zero total angular momentum) of the fcrmion operators: 



At 



0, +1,— 1, together with its conjugate pair- 



annihilation operator, A^, and a pair number operator 
generate an SU M (2) subgroup of Sp(4), which in the case 
of /i = ± is the standard like-particle pairing Kerman's 
SIX (2) group [29[. 

From a microscopic perspective, the pair-creation 
(pair-annihilation) operators, A"', are realized in terms 
of creation c] mcr and annihilation Cj ma single-fermion 
operators with the standard anticommutation relations 
{cjma, Cj'm'cr'} = ^i,o'^m,m'^(x,a' , where these operators 
create (annihilate) a particle of type a = ±1/2 (pro- 
ton/neutron) in a state of total angular momentum j 
(half integer) with projection m in a finite space 2il = 
Sj(2j + 1). There are ten independent scalar products 
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j-m 



Ap. = (A M ) , 

ftR E C ]m,±l/2 C jm,=Fl/2, 



(2) 



which form a fermion realization of the symplcctic sp(4) 
Lie algebra. Such an algebraic structure is exactly the 
one needed to describe isovector (like-particle plus pn) 
pairing correlations and isospin symmetry in nuclear iso- 
baric analog + states. In ©, N±i are the valence pro- 
ton (neutron) number operators. The generators To and 
T± are associated with the components of the isospin of 
the valence particles and close on an su T (2) subalgebra 
of sp(4). In terms of the generators of the Sp(4) group 
(J2J) , the operator that counts the total number of valence 
particle n is expressed as N = JV+i + iV_i and the third 
isospin projection operator is To = (N+i — N-i)/2. 

While the Sp(4) symplectic group embeds in itself the 
well-known symmetry of like-particle pairing, Sp(4) D 
SU + (2)<E)SU~(2), it brings into the theory the significant 
interaction between protons and neutrons through the re- 
duction chains Sp(4) D U»(2) D U»(l) ® SU^(2) with 
jjL = (proton-neutron pairing symmetry) and a = T 
(isospin symmetry). These group reductions allow the 
Sp(4)-invariant degenerate energy states to split, which 
is the case of physical interest. Such a dynamical sym- 
metry that our model possesses provides for a natural 
classification scheme of nuclei as belonging to a singlc- 
j level or a major shell (multi-j), which are mapped to 
the algebraic multiplcts. This classification also extends 
to the corresponding ground and excited states of the 
nuclei. 

The general model Hamiltonian with Sp(4) dynamical 
symmetry consists of one- and two-body terms and can 
be expressed through the Sp(4) group generators, 



H = -GE-=-i AjAj - Ti i - (T 2 - M 



-D(T'i-^)-C 



,N(N-1) 



-eN, 



(3) 



where T 2 = il{T + ,T_} + Tg is the isospin operator, 
G, F, E, D and C are interaction strength parameters and 
e > is the Fermi level energy. This Hamiltonian con- 
serves the number of particles (n) and the third projec- 
tion (To) of the isospin, while it includes scattering of a 
pp pair and a nn pair into two pn pairs and vice versa. 

As we have shown in pj, the algebraic model Hamil- 
tonian ([3]) arises naturally within a microscopic picture. 
Using relations (2), it can be rewritten in standard second 
quantized form, which in turn defines the physical nature 
of the interaction and its strength. For example, in this 



3 



way, one can identify the parameters G/Cl and (G+F)/Cl 
in with the strength of the J = T = 1 pairing in- 
teraction between two protons (neutrons) and a proton 
and a neutron, respectively. The C, D, and E param- 
eters are related to the expectation value of an average 
J-independent interaction, which includes for example 
high- J like-particle interaction with a strength specified 
by the parameters C + y + Q • 

Furthermore, the E term in ©, together with the C 
term, is related to the microscopic nature of the odd J 
isoscalar (T = 0) interaction between a proton and a 



neutron, -§^(T 2 - 
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N(N-l) 
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— (C + ^) iv ^~-^ | where the first part comprises 
the J-independent pn isoscalar force. It is dia gon al in 
the isospin basis and can be compared to (30l . l3l| . In 
addition, the quadratic in N term can be understood 
as an average two-body interaction between the valence 
particles (note that for n equivalent particles there are 
(2) = "^"2^ P ar ticle couplings). 

From another perspective, the i?-term can be related 
to the symmetry energy [H, fl(i| as its expectation value in 
states with definite isospin is of the form T(T+ 1), which 
enters as a symmetry term in many nuclear mass rela- 
tionships [32I . [33| . We refer to the E-teim as a symmetry 
term, although it is common to address the symmetry 
energy in a slightly different way: the T(T + 1) term to- 
gether with the isospin dependence of the isovector pair- 
ing term yield both symmetry (~ T 2 ~ (Z — N) 2 ) and 
Wigner (~ T) energies (46[. The first one was originally 
included in the Bethe-Weizsacker semi-empirical mass 
formula [34L [35| and implies that the nuclear symme- 
try energy has the tendency toward stability for N = Z . 
The Wigner energy is associated with proton-neutron ex- 
change interactions and is responsible for a sharp energy 
cusp at N = Z leading to an additional binding of self- 
conjugate nuclei In short, the symmetry energy to- 
gether with the terms that are linear in N (|3l) can be 
directly related to a typical mass formula [Mil, while 
in addition our model improves the description of isovec- 
tor pairing correlations and high J identical-particle and 
pn interactions and uses an advanced Coulomb repulsion 
correction [37l ]. 

In this way, Hamiltonian ^ includes an isovector 
(T = 1) nn, pn, and pp pairing interaction (G > for 
attraction) and a diagonal (in an isospin basis) isoscalar 
(T = 0) proton-neutron force, which is related to the 
so-called symmetry term (E). Hence, the model Hamil- 
tonian §3§ includes the dominant interactions that govern 
the + states under consideration and provides for an ex- 
act solution of the present problem. 

In addition, the D-term in ([3]) introduces isospin sym- 
metry breaking and the i^-term accounts for a plausible, 
but weak, isospin mixing. While both terms are signifi- 
cant in the investigation of certain types of phenomena 
[36|, the study of their role is outside the scope of this 
paper. These parameters yield quantitative results that 
are better than the ones with F = and D — 0: for 



example, in the case of the I/7/2 level the variance be- 
tween the model and experimental energies of the lowest 
isobaric analog + states increases by 85% when the D 
and F interactions are turned off. At the same time, 
the latter provide only fine adjustments compared to the 
main driving forces incorporated in ([3]). In this sense, 
a simpler isospin invariant SO(5) model is suitable for a 
qualitative description of the isobaric analog + state en- 
ergy spectra of nuclei. 



III. DESCRIPTION OF ISOBARIC ANALOG 0+ 
STATES 

A. Interaction strength parameters 

The interaction strength parameters are estimated in 
a fit of the minimum eigenvalue (—Eq) of the H en- 
ergy operator to the Coulomb corrected [13 ex- 
perimental energies (38l . |39| of the lowest isobaric ana- 
log + states of evcn-A nuclei (ground states for even- 
even nuclei and some [N ~ Z] odd-odd nuclei). We 
use the Coulomb correction Vc ui(A, Z) derived in 
so that the Coulomb corrected energies are adjusted 
to be E , exp (A,Z) = Eg exp {A,Z) + V Co ul(A,Z) - 
Eo t ex P {A c , Z c ), where E^ (A, Z) is the total measured 
(positive) energy including the Coulomb energy and 
E , exp (A c , Z c ) = Efi exp (A c ,Z c ) + Vcoui(A c ,Z c ) is the 
corrected energy of a nuclear core. Analogously, the the- 
oretically predicted energies that include the Coulomb 
repulsion can be obtained as Eq(A,Z) = Eq(A,Z) — 
V~coui{A, Z) + E 0:exp (A c , Z c ). 



TABLE I: Parameters and statistics for three regions (I, II, 
and III) specified by the valence model space. G, F, C, D, 
E, e, and x are in MeV, SOS is in MeV 2 . 



Parameters 


I 


II 


III 


and 


(Ids/a) 


(I/7/2) 


(l/5/22pi/2 


statistics 






2j>3/2l39/2) 


G/VL 


0.702 


0.453 


0.296 


F/Q. 


0.007 


0.072 


0.056 


C 


0.815 


0.473 


0.190 


D 


0.127 


0.149 


-0.307 


E/(2Q) 


-1.409 


-1.120 


-0.489 


e 


9.012 


9.359 


9.567 


SOS 


1.720 


16.095 


300.284 


X 


0.496 


0.732 


1.787 



The fitting procedure was performed separately for 
three groups of nuclei with valence nucleons occupying 
(I) the ld 3 / 2 level with a 32 S core, (II) the I/7/2 level 
with a 40 Ca core, and (III) the I/5/22P1/22P3/2I39/2 shell 
with a 56 Ni core 0- The results reveal that the model 
interaction accounts quite well for the available experi- 
mental energies for a total of 149 nuclei (refer to the small 
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value of the x-statistics in Table HI where x 2 is the sum 
of squares, SOS, divided by the difference between the 
number of data cases and the number of fit parameters) 
[?J ■ The values of the parameters in H §5§ are kept fixed 
hereafter (Table Q}. 

In the case of the lf 5 /2^Pi/2^P3/2^-99/2 shell (III), the 
parameters of the effective interaction in the Sp(4) model 
with degenerate multi-j levels are likely to be influenced 
by the non-degeneracy of the single-particle orbits. Nev- 
ertheless, as the dynamical symmetry properties of the 
two-body interaction in nuclei from this region are not 
lost, the model remains a good multi-j approximation 
Q, which is confirmed with the use of various discrete 
derivatives of the energy function Q. 
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FIG. 1: (Color online) Low-lying energy spectra of near 
closed-shell nuclei in the I/7/2 level as described by the like- 
particle pairing limit of the Sp(4) model and compared to the 
experiment. 

While the optimum fit is statistically determined solely 
by x, the physical aspect of the nuclear problem requires, 
in addition, the estimate for the parameters to be physi- 
cally valid. Indeed, the values of the like-particle pairing 
strength G, obtained by our Sp(4) model, yield consis- 
tent results [1| with the experimental pairing gap s de- 
rived from the odd-even mass differences [40 . |41| . In 
this way, the G values are expected to reproduce the 
low-lying vibrational spectra of near closed-shell nuclei 
in the SU ± (2) limit of the model (like-particle pairing) 
(Figure [T|) . When the results from the three nuclear re- 
gions (I, II, and III) are considered, the pairing strength 
parameter is found to follow the well-known 1/A trend 

13 Ei EI 13 El, 



G 
o 



23.9±1.1 



R 2 = 0.96, 



(4) 



where R 2 is a coefficient of correlation and represents 
the proportion of variation in the strength parameter ac- 
counted for by the analytical curve (Figure [2|). Similarly, 
the values of the other strength parameters lie on a curve 
that decreases with nuclear mass A (Figure [5]) 



E -50.2±3.3 
2f2 



c = ( 



A ' 
32.30±0.02^ 



1.887±0.004 



R 2 = 0.93, 
R 2 = 0.99. 



(5) 



As expected for a symmetry energy term, the 1/A de- 
pendence holds for the parameter E. The dependence 



of C on the mass number A suggests that the quadratic 
correction C ra ^ n 2 ~ 1 ^ to the mean field may change slowly 
from one nucleus to another, which is consistent with the 
saturation of the nuclear force. Although the data set 
used in the fitting procedure was rather small, the trend 
toward a smooth functional dependence of the interac- 
tion strength parameters on the mass number A reveals 
their global character, namely the interactions in the 
model Hamiltonian ^ are related to an overall behavior 
common to all nuclei. 
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FIG. 2: (Color online) Dependence of the interaction strength 
parameters G/Q, E/2Q,, and C (in MeV) on the mass number 
A with values from the three regions, (I), (II) and (III). 



Furthermore, the Wigner energy [4{|, —W2T, is im- 
plicitly included in the Sp(4) theoretical energy, which 
in turn makes the estimation of its strength possible. 
The Wigner energy appears as the term that is the lin- 
ear in T in the pn isoscalar force (proportional to the 
symmetry term) and in the isovector pairing through 
the second-order Casimir invariant of sp(4). In a good- 
isospin regime, the symmetry energy contribution is 
—§lT(T + 1) [due to the f 2 -term in ©], and the W 
interaction strength parameter can be expressed through 
the model parameters (Table J]) as W = . In the 
framework of the Sp(4) model, the estimated values for 
W from the three regions (I, II and III) are found to lie 
on a curve 



W = ^, R 2 



0.96, 



(0) 



with a very good correlation coefficient R 2 and a remark- 
ably close value to most other estimates: W = — 30/A 

= -37 A/ A [HI, W = -42/ A 



47| 



, W = -37 7 'A [33 
and W = -Mj A [26 

In short, the outcome of the optimization procedures 
shows that the effective interaction with Sp(4) dynamical 
symmetry provides a reasonable description of the lowest 
isobaric analog + states, retaining the physical meaning 
and validity of its microscopic nature. 
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FIG. 3: (Color online) Isobaric analog + state energy, Eq , in 
MeV (including the Coulomb energy) versus the isospin pro- 
jection To for the isobars with A = 40 to A — 56 in the I/7/2 
level, Qv = 4. The experimental binding energies -Eg E exp 
(symbol "x") are distinguished from the experimental ener- 
gies of the isobaric analog + excited states -Bo^cxp (symbol 
"o"). Each line connects theoretically predicted energies of 
an isobaric sequence. 



B. Energy spectra of the isobaric analog + states 

In all three nuclear regions, there is good agreement 
with experiment (small ^-statistics), as can be seen in 



Figure [3] for the isobars A — 40 — 56 in the I/7/2 level 
(II). The theory predicts the lowest isobaric analog + 
state energy of nuclei with a deviation (%/A-Bq exp x 
100[%]) of 0.7% for (I) and 0.5% for (II) and (III) in 
the corresponding energy range considered, AEq^ xp . 



The fitting procedure not only estimates the magni- 
tude of the interaction strength and determines how well 
the model Hamiltonian "explains" the experimental data, 
it also can be used to predict nuclear energies that have 
not been measured. This includes energies of nuclei with 
odd number of protons and neutrons and as well nuclei 
away from the valley of stability with N ks Z or proton- 
rich that are of great interest in modern astrophysical 
studies. From the fit for the I/7/2 case, the binding en- 
ergy of the proton-rich 48 Ni nucleus is estimated to be 
348.19 MeV, which is 0.07% greater than the sophisti- 
cated semi-empirical estimate of [47| . Likewise, for the 
odd-odd nuclei that do not have measured energy spectra 
the theory can predict the energy of their lowest isobaric 
analog 0+ state: 358.62 MeV ( 44 V), 359.34 MeV ( 46 Mn), 
357.49 MeV ( 48 Co), 394.20 MeV ( 50 Co) (FigureEJ). The 
Sp(4) model predicts the relevant + state energies for an 
additional 165 even- A nuclei in the medium mass region 
(III) plotted in Figure 0] The binding energies for 25 
of them are also calculated in (4?| . For these even-even 
nuclei, we predict binding energies that on avera ge a re 
0.05% less than the semi-empirical approximation [47] . 



J 




FIG. 4: (Color online) Theoretical energies Eq (including the Coulomb energy contribution) of the lowest isobaric analog + 
states for isobars (connected by lines in different colors) with mass number A = 56, 58, . . . , 100 in the l/5/22pi/22p 3 / 2 l5'9/2 
major shell ( 56 Ni core), compared to experimental values (black 'x') and semi-empirical estimates in [47j (blue ' + '). 
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Without varying the values of the interaction strength 
parameters (Table QJ, the energy of the higher-lying 
pairing-governed isobaric analog + states in nuclei un- 
der consideration can be theoretically calculated. These 
states are eigenvectors of the model Hamiltonian ([3]) and 
differ among themselves in their pairing modes due to 
the close interplay between like-particle and pn pairs. 
The theoretical energy spectra of these isobaric analog 
+ states agree remarkably well with the available ex- 
perimental values [HO] (Figure[5]). This agreement, which 
is observed not only in single cases but throughout the 
shells, represents a valuable result. This is because the 
higher-lying + states under consideration constitute an 
experimental set independent of the data that enters the 
statistics to determine the model parameters in ([3]) . Such 
a result is, first, an independent test of the physical va- 
lidity of the strength parameters, and, second, an indica- 
tion that the interactions interpreted by the Sp(4) model 
Hamiltonian are the main driving force that defines the 
properties of these states. In this way, the Sp(4) dy- 
namical symmetry of the zero-seniority IAS + states 
of evert- A nuclei reveals a simple and fundamental as- 
pect of the nuclear interaction related to isovector J = 
pairing correlations and higher-J proton-neutron inter- 
actions. Moreover, the simple Sp(4) model can be used 
to provide a reasonable prediction of the (ground and/or 
excited) pairing-governed isobaric analog + states in 
proton-rich nuclei with energy spectra not yet experi- 
mentally fully explored. 
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plementary investigation [8[ on the fine structure phe- 
nomena among the isobaric analog + states. A study 
of this kind is quite necessary because it is well-known 
that a good reproduction of the experimental nuclear 
energies does not guarantee straight away agreement of 
the fine structure of nuclei in comparison to the experi- 
ment. We have examined such detailed features by dis- 
crete approximations of derivatives of the energy function 
([3]) filtering out the strong mean- field influence [|[. In 
short, this investigation revealed a remarkable reproduc- 
tion of the two-proton and two-neutron separation ener- 
gies, the irregularities found around the N = Z region, 
the like-particle and pn isovector pairing gaps, the signif- 
icant role of the symmetry energy and isovector pairing 
correlations in determining the fine nuclear properties, 
and a prominent staggering behavior observed between 
groups of even-even and odd-odd nuclides [1] . This study 
confirmed additionally the validity and reliability of the 
group theoretical Sp(4) model and the interactions it in- 
cludes. 



IV. CONCLUSIONS 

In this paper we presented a simple Sp(4) model that 
achieved a reasonable prediction of the pairing-governed 
isobaric analog + state energy spectra of a total of 319 
even-even and odd-odd nuclei with only six parameters. 
The model Hamiltonian is a two-body effective interac- 
tion, including proton-neutron and like-particle pairing 
plus symmetry terms (the latter is related to a proton- 
neutron isoscalar force). We compared the theoretical 
results with experimental values and examined in de- 
tail their outcome. While the model describes only the 
pairing-governed isobaric analog + states of even-even 
medium mass nuclei with protons and neutrons occupy- 
ing the same shell, it reveals a fundamental feature of the 
nuclear interaction, which governs these states. Namely, 
the latter possess clearly a simple Sp(4) dynamical sym- 
metry. Such a symplcctic Sp(4) scheme allows also for an 
extensive systematic study of various experimental pat- 
terns of the even- A nuclei. 



th exp th th exp th th exp 



FIG. 5: (Color online) Theoretical and experimental (black 
lines) energy spectra of the higher-lying pairing-governed iso- 
baric analog + states for isotopes in the I/7/2 shell ( 40 Ca 
core). Insert: First excited isobaric analog + state energy 
in 36 Ar in the ld 3 /2 shell ( 32 S core) in comparison to its ex- 
perimental value. 

Such a conclusion is based furthermore on our corn- 
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